Suztenary. Effects of inhlibitors of phosphorvlation on the oxidation of succinate anld of l-malate were investigated with tightl) coupled mitochondria isolated from mung bean hypocotyls. When mitochondria were incubated with 2,4-dinitrophenol, or carbonyl cyanide rn-chloropheilylhydrazone prior to the addition of substrate, the uncoupling effects of these chemicals were relatively small. This is probably caused by relative lack in these mitochondria of endogenous substrates, ATP, and/or "hiigh-energy intermediates". The action of uncoupling agents is, therefore, revealed in a more striking manner when they are introduced during the second state 4. Of the 2 uncoupling agents tested, malate oxidation consistently required 1.5 to 2 times higher concentration of the agents for the half-maximal effects than succinate oxidation. From The classical paper of Loomiiis and Lipmann (21), has been followed by a nunliber of papers showing that DNP3 uncouples phosphorvlation from oxidation in mitochondria isolated both from planlt tissues (1, 2, 9, 10, 15, 25, 26) and from animal tissues (3, 4, 7, 13, 19, 23, 24) . The uncoupling concentration of DNP is between 10-5 andl 10-4 m. Recently. Heytler and his collaborators (8, 11, 12) showed that rni-Cl-CCP was more potent than DXP as an uncoupler of animiial and plant mitochondria. Tight coupling of oxidativ-e phosphorylation is released at rn-CI-CCP concentrations bet-ween 10-and 10-c . Oligomycin has been shown to inhib.t respiration by blocking a reaction involving the formation of a high energy intelrmlediate (8, 11-13, 16-18, 20, 22, 24 mitochonldria, the oxidationi of NXAD-linked substrates is inhibited sl.ghtly by I jLg of oligomycin, the inhibition is released by D-NP (13, (16) (17) (18) .
The classical paper of Loomiiis and Lipmann (21), has been followed by a nunliber of papers showing that DNP3 uncouples phosphorvlation from oxidation in mitochondria isolated both from planlt tissues (1, 2, 9, 10, 15, 25, 26) and from animal tissues (3, 4, 7, 13, 19, 23, 24) . The uncoupling concentration of DNP is between 10-5 andl 10-4 m. Recently. Heytler and his collaborators (8, 11, 12) showed that rni-Cl-CCP was more potent than DXP as an uncoupler of animiial and plant mitochondria. Tight coupling of oxidativ-e phosphorylation is released at rn-CI-CCP concentrations bet-ween 10-and 10-c . Oligomycin has been shown to inhib.t respiration by blocking a reaction involving the formation of a high energy intelrmlediate (8, 11-13, 16-18, 20, 22, 24 mitochonldria, the oxidationi of NXAD-linked substrates is inhibited sl.ghtly by I jLg of oligomycin, the inhibition is released by D-NP (13, [16] [17] [18] .
In the literature on plant mitochondrial respiration, emiiphasis hals been placed oIn the similarities between planit and an mal mitochondria (cf. 20). However, our first paper in this series (14) showed that mung bean mitochondria Ppo;sessed several characteristics that were d;fferent from those of animal mitochondr<a. This paper further characterizes the respiratory properties of mung bean m:tochond,ria and their responses to inh:b:tors and uincouplers of oxidative phosphorvlation. The results from mung bean mitochonldria are aga:n comlpared with those from animal Lmltochondra.
Materials and Methods
hlie )lant material. the m tochonldrial preparation, the reaction mediunm. and the technique of respiratory measurements were identical Nxitli those described in the first paper of this series (14) . Brieflv, the nIitochondria were i;olated from hypocotyls of mung beans. xN (14) .
Results
Effect of DNP. Figure 1 illustrates tion of state 3 rates, as noted by Huijing and Slater (13) with rat liver mitochondria: about 30 % of the succinate oxidation and about 20 % of the malate oxidation rate in this state remained uninhibited, even at high concentrations of this inhibitor. The uninhibited rates coincide with the state 4 rates which are not at all inhibited throughout the range of concentrations studied. These findings confirm closely the results obtained with aninmal mitochondria (13, 17, 18). Figure 6 makes it possible to calculate the stoichiometric relationship of oliigomycin to mitochondrial protein. Assuming that the ratio of mitochondrial nitrogen to protein is 0.16, we obtain a value corresponding to 80 mpg oligomycin ,per mg mitochondrial protein for the half-maximal inhibition. This stoichio^mtric relationship is further examined by varying both the mitochondrial and oligomycin concentrations in the reaction cuvette, as illustrated in figure 7 . Oligomycin was introduced during the second state 4 and the second state 3 rates were recorded. In view of the previous results, the second state 4 rate in the presence of oligomycin is considered to be the maxi- IKUNIA AND BONNER-PROPERTIES OF HIGHER PLANT AMITOCHONDRIA. II.
The maximum stimulation of the first state 4 respiration was observed at a DNP concentration of 15 juM when the mitochondria were incubated with the uncoupler prior to the addition of succinate (fig lA) . In, order to release tight couplin-g, howcver, 80 umI is needed (fig 1B) . In case of malate oxidation, 0.1 to 0.2 jum m-Cl-(CCP stimulates the first state 4 rate with the method I application (fig 4A) , whereas a concentration range of 0.3 to 0.75,Am was necessary to break the coupling (ifig 4B).
The difference in the effective concentrations of these uncouplers between methods I and II applications is about 4-fold.
The concentration of DNP or mii-Cl-CCP which inhibits oxidative phosphorylation is capable of stimulating iboth latent ATPase activity and respiratory rate of mitochondria (8, 11, 12, 19, (21) (22) (23) . Furthermore, a current hypothesis is that the primary action of these uncoupling agents is to hydrolyze "highenergy intermediates" which are formed during oxidative phosphorylation (4-7, 19, 20, 22, 23) . Taken together, these considerations and our experimental results suggest that the mung bean mitochondria, as isolated, contain relatively little endogenous substrate, ATP, and/or "high-energy intermediates". With these mitochondria, therefore, the effect df uncoupling agents is revealed when the agent is introduced during the second state 4, at which point the mitochondria have been able to accumulate "high-energy intermediates" on which the uncouplers can act.
With rat liver mitochondria, the maximal rate of respiration caused, by uncoupling agents is equal, or nearlyr so, to the control state 3 rate when glutamate is used as substrate (5, 7, 19) , while the DNiP stimulated rates of oxidation of other substrates, such as succinate and malate, are greater than the control state 3 rate (7). Our results indicate that DNP uncouples succinate oxidation more effectivelv than malate oxidation (figs 1, 2). whereas with mn-Cl-CCP a complete uncoupling is obtained only in malate oxidation (figs 3B, 4B). Thle action of an uncoupling agent thus appears to depend on the kind of substrate used in the experiment. These results do not support Parker's view that all uncouplers produce their effects by a similar mechanism (23) . Table I summarizes the results from mung bean mitochondria and compares them with the data from rat liver mitochondria. In this table, effects of vi-Cl-CCP and oligomycin are expressed in terms of m,umoles per mg mitochondrial protein, since stoichiometric relationship between the niumber of inhibitor molecules and mitochondrial protein have been reported frolm the studies on animal mitochondria (8, 13, 17, (22) (23) (24) . The same concentration range of DNP uncouples both mung bean and rat liver mitochondria, 'but with mz,Cl-CCP this is not so. A 10 to 20 fold higher concentration of m-,Cl-CCP is required to produce the half-maximaal stimulation on the respiration of mung bean mitochondria, as compared with that of rat liver mitochondeia. With oligomycin, on the other hand, a 3 to 5 fold lower concentratioan is required to produce the half-maximal inhibition of state 3. Table I further points out that 1.5 to 2 times higher concentrations of DNP and m-Cl-CCP are needed for stimiulation of malate oxidation than for the oxidation of succinate, with mung bean mitochondria. This difference can be !fortuitous, judging from the complicated nature of the effects of these agents. Nevertheless, in view of 2 and 3 phosphorvlation sites in the oxidation of succinate and maqate, respectively, it is tempting to speculate that these uncou-pling agents act at the functional phosphorylation sites.
The effects of oligomy.cin on the respiration of imiung bean mitochondria agree qualitatively with those on the respiration of anilmal mitochondria: (1) the inhibition of respiration in a phosphorylating medium is usually not complete, (2) the inthibited respiration rate corre ponds to the state 4 respiration rate, and (3) the samle concentration of oligomycin produces the half-maximal effect whether the effect is examined on succinate or on -the oxidation of NA'D'-Alinked substrate. It appears, therefore, that if oligomycin inhibits phosphorylation stoichiometrically with the 
